ABSTRACT: The refinement of vigor tests and the possibility of utilizing computer resources for the effective evaluation of the seed physiological potential have attracted considerable interest from research and seed technologists. The aim of this study was to evaluate the physiological potential of maize seeds using the newly-created Automated Analysis of Seed Vigor System (Vigor-S) compared with other recommended seed vigor tests; two maize hybrids were used, each represented by seven seed lots. Germination and vigor (cold test, saturated salt accelerated aging, and field seedling emergence) evaluations were conducted. For the evaluation of seed vigor with the use of seedling image analysis resources, two systems were compared: the Seed Vigor Imaging System (SVIS ® ), developed by Ohio State University, USA and the Vigor-S, resulting from collaboration between USP/ESALQ and EMBRAPA (Embrapa Instrumentation). Using these two systems, three day old seedlings were scanned and the images were analyzed.
Introduction
The use of seeds with high physiological potential is indispensable for success in agricultural production, and makes a significant contribution to rapid stand establishment and the initial development of vigorous seedlings in the field (Marcos-Filho, 2016) . Although various procedures are recommended for the evaluation of maize seed vigor, such as cold test, accelerated aging and seedling growth, there are still opportunities for including innovative alternatives. Computerized image analysis of seedlings is one of these alternatives, favoring standardization, precision, objectivity, and reduction in the time period necessary for performing tests (Marcos-Filho, 2010) .
According to Baalbaki et al. (2009) , the first consistent attempts to use image analysis in the determination of seed vigor were carried out by McCormac et al. (1990) on carrot and lettuce seeds, and by Howarth and Stanwood (1993) in lettuce and sorghum. Subsequently, Sako et al. (2001) developed a very effective automated system for evaluating lettuce seed vigor, known as the Seed Vigor Imaging System (SVIS®). Nevertheless, one of the main difficulties found in the use of SVIS® has been the need to make adjustments in the marking of seedlings or their parts after processing the seedling images, which requires a great deal of attention from analysts so that the parts of the seedlings are precisely identified by the system and the parameters generated by the system are obtained on a consistent basis.
As a consequence, the Automated Analysis of Seed Vigor System was projected through technical-scientific seeds cooperation between the University of São Paulo, SP, Brazil (USP/ESALQ) and EMBRAPA (Brazilian Agricultural Research Corporation) at the Embrapa Instrumentation, initially aiming to evaluate the physiological potential of maize and soybean seeds. This system follows the same principles established for the development of the SVIS®, seeking to enhance the precision of analyses and reduce problems detected during the execution of SVIS®.
Thus, the objective of this study was to verify the effectiveness of Vigor-S in evaluating the physiological potential of maize seed in comparison with SVIS® and other methods recommended for evaluating maize seed vigor such as accelerated aging and the cold test.
Materials and Methods
The study was carried out in Piracicaba, in the state of São Paulo, Brazil (22°42'11.2" S and 47°37'56.8" W, altitude 542 m). Two maize hybrids were used, 20A55 and 2B604PW, each represented by seven seed lots kept in cold and dry storage (10 °C and 30 % RH) throughout the experimental period. Three evaluations were made at quarterly intervals, for the following determinations:
Seed water content: evaluated according to the Rules for Seed Testing (MAPA, 2009 ) by the laboratory oven method, at 105 ± 3 °C for 24 h. This determination was also carried out after exposure of the seeds to accelerated aging.
Germination: evaluated in four replications of 50 seeds in rolls of paper toweling moistened with a weight of water 2.5 times the weight of the dry paper, Crop Science | Note at 25 °C. Counting was made at four days (germination first count) and seven days after sowing, according to the criteria established in the Rules for Seed Testing (MAPA, 2009) . Results were expressed as mean percentages of normal seedlings for each lot.
Saturated salt accelerated aging (SSAA): conducted through the distribution of seed samples from each lot in a single layer on a screen suspended within a plastic box (11 cm × 11 cm × 3 cm) containing 40 mL of saturated NaCl solution, so as to provide an environment of 76 % relative humidity (Jianhua and McDonald, 1996) . The boxes were kept in a water jacketed accelerated aging chamber at 41 °C for 96 h, and after that the germination test was conducted with four replications of 50 seeds for each lot. Results were expressed as mean percentages of normal seedlings for each lot.
Cold test: conducted with four replications of 50 seeds per lot, using plastic trays (34 cm × 23 cm × 7 cm) containing 1 kg of a mixture of soil (coming from the maize growing area) and sand in the proportion of 1:3 in volume. In each tray, after the addition of the substrate, two replications of 50 seeds were distributed and covered with 1 kg of the same substrate (Caseiro and Marcos-Filho, 2000) . The availability of water in the substrate was adjusted to 70 % of its field capacity; water and substrata were previously cooled to 10 °C. After distribution of the substrate, seeds, and water, each tray was placed in a transparent plastic bag to reduce evaporation, and then kept in a cold chamber at 10 °C for seven days. After this period, each tray was transferred to a germinator at 25 °C and the percentages of normal seedlings were registered after five days. Results were expressed as mean percentages of normal seedlings for each lot.
Field seedling emergence: four replications of 50 seeds were used, each represented by a 4 m long planting furrow, spaced at 40 cm, in which seeds were distributed at a uniform distance. The depth of each furrow was around 7 cm and soil cover after sowing had a depth of approximately 3 cm. Seedlings received spray irrigation according to need. The number of seedlings that emerged was recorded daily to determine the index of speed of seedling emergence index (Maguire, 1962) and, at the end of 14 days, the percentage of seedling emergence was calculated to obtain mean values per lot.
Computerized analysis of seedling images (SVIS® and Vigor-S): five replications of 20 seeds per lot of each hybrid were used, distributed in two rows in the upper third of two sheets of paper toweling and covered with a third sheet. The substrate was previously moistened with a quantity of water weighing 2.5 times the dry weight of the substrate.
For use in the Seed Vigor Imaging System (SVIS®), the rolls containing the seeds were kept in a seed germinator at 25 °C for three days. At the end of this period, seedling image acquisition was achieved by a custom scanning box (60 cm × 50 cm × 12 cm) computer system constructed of sheet metal and an aluminum bed on which the germinated seedlings are placed ( Figure 1 ). The seedlings of each replication were digitalized on a scanner (HP, Scanjet 200), and fixed upside-down inside the metal box at a scanning resolution of 100 dpi. In the SVIS, the scanned seedlings were transferred from a white colored paper towel roll onto a black or navy blue cardboard paper the same size as the scanner usable area, to provide the necessary contrast for proper seedling identification by the system.
The digitalized images of seedlings were processed by the Seed Vigor Imaging System (SVIS®), and indexes of the uniformity of the seedling development and vigor were generated, ranging from 0 to 1000, as well as the total length of the seedlings, in centimeters (Sako et al., 2001; Hoffmaster et al., 2003; Marcos-Filho et al., 2006) . To obtain results using the SVIS®, the length of six inches (15.24 cm) was established as the maximum expected for three day old maize seedlings (germination at 25 °C). Determination of this maximum seedling length, required by the SVIS®, was based on preliminary testing of samples from lots taken from the two hybrids. The contribution of the value of growth and uniformity to the calculation of the vigor index was 70 % and 30 %, respectively. In order to use the Vigor-S, after obtaining seedlings as reported above, their images were digitalized in a scanner adjusted to a resolution of 300 dpi. The automated analysis using the Vigor-S system provides for seedlings to be scanned directly onto a germination paper navy blue in color. In this analysis, the contribution of the value of growth and uniformity for calculating the vigor index was 70 % and 30 %, respectively. For Vigor-S, the indexes of uniformity of development and vigor (variation from 0 -1000) and the total length of seedlings (centimeters) were obtained. The equations for calculating the vigor and uniformity of growth indexes were determined in accordance with those established by Sako et al. (2001) for the SVIS®. However, for calculating the uniformity index using Vigor-S, an adaptation of the Christiansen's uniformity coefficient (Christiansen, 1942) was used according to equations 1 and 2 below:
In equation (1), Xi is the length of the seedling analyzed, X the mean seedling length from the seed lot analyzed, and the variable n the number of seedlings comprising the image analyzed. The penalties, represented by equation (2) used for lots where ungerminated or dead seeds were present, were calculated according to the number of seeds that did not germinate, n dead , and the total number of seedlings, n total . It should be noted that the same digitalized samples were evaluated by the two systems (Vigor-S and SVIS®) for the purpose of comparing their effectiveness in a reliable manner.
Statistical analysis
Data were submitted to analysis of variance in a completely randomized design, except for data from field seedling emergence, which were analyzed according to randomized blocks. Mean values were compared by Tukey test (p ≤ 0.05) using the Assistat software program, version 7.7 beta.
Results and Discussion
Analyses of variance of data from germination and vigor tests for both hybrids did not show significant differences attributable to the effects of seed lots on most tests conducted, except for saturated salt accelerated aging (for the hybrid 2B604PW). The means obtained in the germination and vigor tests (germination first count, cold, accelerated aging, percentage and speed of seedling emergence) are shown in Table 1 .
It was found that the lots of the two hybrids had similar germination percentages, which were above 85 %, and narrow vigor differences. Seed water contents at the beginning of the evaluations ranged from 8 % to 9 %; after, saturated salt accelerated aging seed water contents were from 11 % to 12 %. Variations of up to two percentage points after accelerated aging are considered tolerable as regards reliability of results (Baalbaki et al., 2009) .
Analyses of variance of the data obtained in evaluations carried out in the SVIS® and Vigor-S showed differences between seed lots of the hybrid 2B604PW, but the same was not found for the hybrid 20A55 seed lots (Table 2) .
Information in relation to the vigor index, to uniformity of development, and to seedling length with the use of Vigor-S was similar to that provided by the SVIS®, in which the lots of hybrid 20A55 did not differ in relation to vigor, or the other tests used. Vigor tests that evaluate seedling performance (e.g., shoot growth, primary root growth, seedling dry weight) are based on the fact that more vigorous seeds give rise to more developed seedlings, reflecting the effectiveness of the action of repair mechanisms, mobilization of reserves, and synthesis of new tissues during germination (Marcos-Filho, 2010) . In any case, results obtained in the different tests conducted here showed that seed lots of high physiological potential were evaluated. All the tests conducted detected this performance, such that the results obtained were consistent, also in relation to seedling emergence in the field; this is one of the basic requirements for characterizing the effectiveness of a vigor test.
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The studies on automated analysis of seedling images have basically compared results obtained from SVIS® with those from tests usually accepted for seed vigor evaluation, as observed with melon (Marcos-Filho et al., 2006) , soybean , cucumber (Chiquito et al., 2012) , sweet corn (Alvarenga et al., 2012) , and wheat (Silva et al., 2012) , among other crops.
In this respect, the development of image analysis systems projected for seed germination and for vigor tests shows their potential in the study of seed performance, with the perspective of combining traditional methods for the evaluation of seed quality with those that provide more precise biomorphological data (Dell'Aquila, 2009). Although marked differences in the performance of the seed lots of the two hybrids were not found, according to the information provided by the two systems of seedling image analysis, the aim of this study was the identification of the effectiveness of the new Vigor-S system in evaluating the physiological potential of maize seeds. It should be emphasized that this system saves the time when obtaining digitalized images because it was programmed to analyze the seedling images already digitalized on blue-colored germination paper.
In contrast, in SVIS® analyses, it is necessary to transfer seedlings from the paper towel of germination (white or light brown color) to another of dark coloring (generally black or navy blue) to obtain contrast and adequate image processing. In addition, in the SVIS® system, there are problems in correctly identifying parts of the seedlings (for example, separation of the root system and hypocotyl in various species) for automated processing of the data, especially seedling length.
The development of technologies with an integration of new algorithms and hardware architecture for data extraction, such as digital images of seeds and seedlings, and the numerical data (dimensional calculations), contribute to the improvement of information technology that is responsible mainly for the acquisition, registration, and organization of the results (Dell'Aquila, 2009). In this respect, in addition to minimizing the interference of the analyst to make corrections of nondemarcated parts of the seedlings and reduce the time of analysis, the Vigor-S system showed the possibility for better utilization of the results obtained from the same evaluation, automatically supplying the lengths of the primary root, the shoot, and the seedling in total, as shown in Figures 2A and B . Consequently, it is a more detailed and precise evaluation, which, among others, is an important argument towards the acceptance of the system by seed analysts (McDonald, 1975; Hampton, 1993; Marcos-Filho, 1998) . The SVIS showed significant higher precision when compared with manual measurements of seedlings, as reported by Hoffmaster et al. (2003) . As the Vigor-S follows the same principle of SVIS the higher precision in comparison to manual measurements is naturally expected.
Although the lots tested here showed high vigor, it was possible to identify a tendency of superior vigor of seeds from lot 8 of the hybrid 2B604PW, exhibited both in the results of the Vigor-S (vigor index) and of the SVIS® (vigor index and seedling length), as shown in Table 2 . The small variations identified when comparing results from both systems for the seed lots of this hybrid are normal in lots of high seed physiological potential and they did not affect the effectiveness of either system.
It is also noteworthy that in the Vigor-S, greater image resolution (300 dpi) is fundamental for obtaining more precise results; in the SVIS®, images are generated with a resolution of 100 dpi. Moreover, in the Vigor-S, the results of analyses (vigor, uniformity, and seedling length indexes) can be exported to extensions of Excel software, allowing for better organization of the information obtained and greater ease in subsequent interpretation of the results by seed analysts. To perform the Vigor-S analyses, in addition to the specific software to process the images it is necessary to fix in place a custom scanner upside-down inside an aluminum box as described by Marcos-Filho et al. (2009) and a computer (Intel Core > i5, 8 GB RAM) operated by a Windows 8.1 system.
The indexes of uniformity of seedling development in both hybrids and systems indicated that the lots consisted of seedlings of uniform development. This uniformity index represents extremely important information because the uniformity of seedling development can affect stand establishment, since seed vigor is directly related to the initial growth of maize seedlings. In addition, uneven seedling emergence can lead to delays in development and variations in plant growth at various phenological stages, which also affect plant characteristics related to harvest (Marcos-Filho, 2016) .
The Vigor-S was sensitive to detect differences in seed lot vigor, in the event of differences, giving rise to results comparable to those of tests traditionally recommended for the evaluation of maize seed vigor. The use of this system for the evaluation of seed's physiological potential represents a promising alternative and an advance in research. One important additional advantage is that the software system of the Vigor-S is free for general use by private seed companies, seed laboratories and for academic purposes.
Thus, the results of this study show that the use of the Vigor-S, a new technology proposed to enhance the procedures used in the evaluation of seed vigor based on seedling performance, favors standardization, preci- sion, objectivity, and reduction in time to reliably obtain results in seed quality control programs adopted by seed companies.
Conclusion
The use of computerized image analysis of seedlings through the Vigor-S is an effective alternative for evaluating maize seed vigor, and the development of this system for use in seeds of other species represents an important initiative for enhancing the evaluation of the physiological potential of seed.
